The design and synthesis of novel fluorescent heterocyclic dyes is a "hotspot" research area, due to their favourable photophysical properties and crucial role in charge transfer processes, which could allow huge advances in the fields of physics, chemistry and biology. One group of electron-rich nitrogen carriers, pyrazolines, are enjoying brisk growth, since they combine exciting electronic properties with the potential for dynamic applications. Concerning multi-functional applications, pyrazolines could provide a new range of applications that would revolutionize various fields. As reported in many studies, the potential applications of pyrazolines are vast and ever growing, but they have yet to make in-roads into real-life applications. This review provides an overview on the current status of pyrazoline derivatives in terms of synthesis, physico-chemical properties and various applications in order to realize their full potential for practical applications, and to trigger the synthesis and study of novel pyrazoline based compounds with much promise. We also present our conclusions and outlook for the future.
1. Introduction
A quick look at the general-to-specic background of pyrazolines
In the impulse to build novel molecules possessing vibrant, versatile and benecial properties, an elegant member of the heterocyclic family called pyrazoline was found to be appealing for researchers. From those advances, a wide array of synthetic structures comprising the pyrazoline moiety have been successfully designed and developed, which exhibit diverse and tunable properties depending on the mode of synthesis and the molecular structures (Fig. 1) . Pyrazolines are also proving to be highly versatile performers in various applications such as brightening agents in synthetic bers, papers and textiles, uorescent probes in some elaborate chemo-sensors, recognition of transition metal ions, hole-transport material, organic electronics, electrophotography and electroluminescence. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] It therefore comes as no surprise that as a privileged scaffold, Beena Varghese received her Master's degree in Analytical Chemistry from Mahatma Gandhi University (India) in 2004. She completed her PhD (2015) and Post-doctoral fellowship (2016) at Sultan Qaboos University (Oman) in the research group of Prof. Salma AlKindy. Presently, she is working as a visiting faculty member in the Department of Chemistry at Sultan Qaboos University, and her research interests include novel uorescent labels, their analytical applications, and uorescent organic nanoparticles based on electron rich heterocyclic rings for application in biomedicine, sensors and in opto-electronics.
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pyrazolines are widely incorporated into the structures of numerous important medical and biochemical agents that have been effectively utilized as anti-bacterial, anti-fungal, anti-viral, anti-parasitic, anti-tubercular, anti-inammatory, anti-cancer, anesthetic, analgesic and insecticidal agents.
12-26
The name pyrazole was given by Ludwig Knorr in 1883 and refers to the class of simple aromatic ring organic compounds of the heterocyclic series, characterized by a 5-membered ring structure composed of three carbon atoms and two nitrogen atoms in adjacent positions. 27 In the 19th century, Fischer and Knoevenagel synthesized and characterized 2-pyrazolines, utilizing the remarkably simple reux reaction of a,b-unsaturated aldehydes and ketones with phenyl hydrazine in acetic acid, which became one of the most popular methods. There have been many efforts to utilize pyrazoline as a synthetic building block in the design of good lead compounds in the library of new heterocyclic compounds; however, its green status is questionable. [28] [29] [30] [31] [32] [33] In the chemical literature these days, there have been more attempts at showcasing the synthetic procedures targeting pyrazoline compounds that are claimed to be green by the authors.
34-39
Since the release of a bright blue-light emitting pyrazoline molecule with tunable photophysical properties, several innovative compounds on this scaffold have been introduced for various applications. The theoretical prediction of a great variety of molecular properties such as molecular structures, vibrational frequencies, atomization energies, ionization energies, electric and magnetic properties and reaction paths is likely to provide new fundamental insight as well as to realize the full potential of applications. In terms of electron donating ability, a pyrazoline derivative relies on the nitrogen with lone pairs located in position-1 (N-1) in the pyrazoline ring; also, varying the substituents attached to the N-1 atom was found to display relevant changes in the photophysical properties of pyrazoline compounds. The advantages of modulating the optical properties of pyrazoline compounds can also be rened by altering the substitution pattern in the C-3 and C-5 phenyl rings. 40 There is a long-standing interest in the photophysics of N-phenyl substituted ve membered rings and their derivatives in aqueous/non-aqueous solvents as well as in various micro heterogeneous media, due to the possibility for charge transfer (CT) emission. On studying the effect of the non-conjugated 5-position substituent of pyrazoline-based photosensitizers on the photophysical characteristics and performance of dyesensitized solar cells (DSSCs), a trend of increasing absorption maxima, electrochemical characteristics and DSSC performances was observed with increasing electron-donating ability. 41 The pervasiveness of this heterocycle leads to multiple useful properties and has stimulated the need for facile and efficient ways to make these heterocyclic cores. Moreover, the incorporation of the pyrazoline moiety and other electron-donors/ acceptors into one molecule is one of the most actively pursued areas of research involving fascinating diverse heterocycles, and seems to be a good choice for many applications. The incorporation of different substituents into the pyrazoline parent nucleus is quite interesting, since it increases the conjugation length, due to the presence of an additional double bond in alternate arrangements with the phenyl ring, prompting researchers to synthesize and elucidate the effects of substituents on the absorption and uorescence properties of this class of compounds. 42 Compared to the unsubstituted parent molecule, the incorporation of electron-donors and electron-acceptors into one molecule leads to endowment with structural diversity, stability and highly improved optical properties. Of the factors inuencing the nonlinear optical features of push-pull type pyrazoline based chromophores, pride of place must go to the position as well as the number and type of the electron-acceptor groups attached to the molecular structure (Fig. 2) . 43 The geometries of many pyrazoline derivatives have been characterized crystallographically and are shown to be driven by and received a lot of academic awards and international recognition. Currently, she is the Dean of the College of Science, Sultan Qaboos University and Professor of Analytical Chemistry. Prof. Salma's research interest has been in developing analytical protocols for the monitoring of analytes in complex matrices and in developing sensitive and selective methods for the assay of pharmaceutical components using microuidic systems.
the establishment of CH-p interactions, consequently resulting in the stacking of the molecules to be packed as a crystal; these types of interactions have been found to be strong enough to stabilize a particular conformation of molecules for their higher-order self-assembly. [44] [45] [46] [47] The signicant ndings from the detailed crystal analysis of some pyrazoline molecules suggest that the stacking modes of molecules and intermolecular electronic interactions provide signicant prospects in the tuning of solid-state uorescence. 48, 49 One of the well-known characteristics of the whole family of pyrazoline derivative compounds is the existence of geometrical isomers, rst noticed by Tsitovich during the synthesis of 5,5-dimethylpyrazolines nearly ve decades ago.
50 (E)-3-(4-Nitrostyryl)-1-phenyl-4,5-dihydro-1H-pyrazole (PY-pNO 2 ) provides a lasting example of the existence of two different polymorphic forms as the bent cis-type and the rod-like trans-type; an indication of two ground state photo isomers of PY-pNO 2 in solution. Quantum chemical calculations gave insight into the switching of trans 1 / cis 1 and trans 2 / cis 2 isomers, and also predicted the possibility of four ground state conformers trans 1, trans 2, cis 1 and cis 2 with different ground state energies (Fig. 3) . 51 It has been well recognized for some time that stereochemistry plays a decisive role in controlling the insecticidal effects of some carbamoylated and acylated pyrazolines.
52
The tautomeric behaviors of some pyrazole-carbothioamide and pyrazole-carboxamide compounds have been discussed in detail, with the support of both experimental and computational studies, using density functional theory (DFT) and FTRaman and NMR techniques. 53 Several studies have described the thermal stability and electrochemical performance of compounds clubbed with pyrazolines with specic applications.
The fact that the pyrazoline ring itself is a photoactive unit should be taken into account as an important aspect for its electrochemical applications. Cyclic and Osteryoung square wave voltammetry studies indicated that some pyrazolino [60] fullerenes (Fig. 4) had improved electron affinity in comparison with the parent fullerenes. Promising data have been obtained from second harmonic a.c. (alternating current) voltammetry of 2-pyrazoline structures bonded to tin oxide (SnO 2 ) surface.
54-56
It is well documented that pyrazolines outperform many legendary functional units in terms of synthesis, properties and novel applications; in this article we will review the role that the pyrazolines have played in the development of some signicant research areas that focus on functional small organic molecules based on the pyrazoline core skeleton. This review begins by highlighting some key synthetic procedures targeting pyrazoline derivatives and then briey introducing some green synthetic approaches. We survey the applications by looking at how intramolecular charge transfer processes (ICT) in pyrazoline rings occur and become associated with other ICT units for a comprehensive gathering. Also, representative references are discussed by focusing on the intrinsic blue emission and solvatochromic behavior of pyrazoline derivatives. We then briey cover how as a tunable functional unit, the pyrazoline ring at present offers the greatest versatility and the successful application of pyrazoline derivatives in several elds. Finally, we discuss our personal view on the possible future research opportunities to improve the performance in various exciting research elds. 
Among the methods employed in the synthesis of pyrazolines, an especially popular procedure is based on the reaction of a,bunsaturated aldehydes and ketones with hydrazine reagents under various conditions. In this method, hydrazones are formed as intermediates, which can be subsequently cyclized to 2-pyrazolines in the presence of a suitable cyclizing agent like acetic acid. Thus far, this simple and convenient procedure has remained one of the most popular methods for the preparation of 2-pyrazolines (Scheme 1) and modied versions of this synthetic strategy have been reported.
57-60 1,3-Dipolar cycloaddition was employed in the synthesis of 4,5-dihydro-3-(substituted imidazole)-5-substituted-1-phenyl-1H-pyrazoline. In the second step of this reaction, the nitrile imine was obtained by the oxidative dehydrogenation of the phenyl hydrazone derivative with chloramines-T (CAT), and the olen-trapped nitrile imine led to the resulting compound in good quality and yield under reuxing conditions in ethanol. The synthesis of ne crystals of 3,4,5-triethoxycarbonyl-2-pyrazoline by the introduction of palladium chloride (PdCl 2 ) to ethyl diazoacetate (EDA) in a high-pressure reactor at ambient temperature seems to be an interesting synthetic approach. It was reported that the "one-pot procedure" can be useful to surmount challenging classical heating methods, and was well demonstrated in the synthesis of 3-[4 0 -(4 00 -nitrophenoxy)-phenyl]-5-(substituted aryl)-2-pyrazoline-1-carboxaldehydes. The interested reader is referred to some articles and previous reviews on synthesis for additional details.
61-66
Under the framework of "Green Chemistry", researchers address the new challenge of synthesizing pyrazoline derivatives by adopting new reaction conditions that reduce the use of volatile organic solvents and hazardous toxic chemicals. A new catalytic application of tungstate sulfuric acid (TSA) as a highly efficient and green solid acid catalyst to synthesize pyrazoles was proposed. 67 Cellulose sulfonic acid (CSA), was also found to be able to cyclize a,b-unsaturated hydrazones to pyrazolines in excellent yields under green reaction conditions. 68 The examples of "on water" synthesis of N-unsubstituted pyrazoles, 2-pyrazoline derivatives under solvent-free conditions, using the grinding technique, ultrasonic irradiation to yield uorinated pyrazoles and the microwave (MW) irradiation technique with short workup procedure, direct us towards a positive path to green alternative methods, over the conventional synthesis.
69-72
The idea that replacing a 'non-green' solvent and reagents in a process with a 'green' one is highly attractive, but the major drawback of these methods is that obtaining most of the reagents and solvents used in the green synthesis is a herculean task.
ICT and novel D-p-A systems
The intramolecular charge transfer process (ICT) has attracted the most attention for nding potential applications of pyrazoline derivatives. From this single starting point have come investigations on the opto-electronic properties, which involve many physico-chemical modications that can be precisely achieved through uorescence spectroscopy along with other techniques. A key theme involved in the charge transfer mechanism of pyrazoline is the competition between the N1 / N2 / C3 conjugate charge transfer and the N1 / C5 nonconjugate charge transfer (Fig. 5 ). Since these types of compounds have a heterocyclic nitrogen atom, transitions involving the non-bonding nitrogen electrons have similar properties to those of p-p* transitions, as the n orbital generally overlaps the p-orbital of the adjacent carbon atom. Along with the charge transfer, increased charge densities may also be developed for the atoms N-2 and C-3 of the pyrazoline ring in the rst excited state S1. However, the introduction of substituents on the phenyl radical in position 5 of the pyrazoline ring seems to not be conjugated with the basic chromophoric system of the molecule and is almost orthogonal to it.
73
Modulation of the photophysical properties for obtaining the desired applications have usually been achieved by incorporating other chromophores into pyrazolines as the fusion partner or changing the substituents on the side-chain via various synthetic methods. 1-Phenyl-3-(4-methylphenyl)-5-phenyl-2-pyrazoline and 1-phenyl-3-(4-methyl-phenyl)-5-(2,4-dichlorophenyl)-2-pyrazoline are two structures that have the same parent nucleus with different substituents on the 5-phenyl ring, which show a signicant contrast in the wavelength maxima and intensity. 74 The electron-donors ensure efficient charge transfer over electron-acceptors in pyrazoline systems, demonstrated by a comparative study on a series of p-conjugated, rigid, rod pyrazoline derivatives. It is known from the better thermal stability, red-shied absorption spectra, and lower HOMO and LUMO energy levels that the pyrazoline derivatives with electron contributors exhibit improved photovoltaic properties. 75 In addition, the different heterocyclic terminal groups such as thiophene, furan and pyridine, etc., also successfully induce major effects on the optical properties of compounds with the pyrazoline skeleton.
76
Notably, a tremendous number of conjugated systems constituting the electron-donating (D) and electron-accepting (A) groups through a p-conjugated linker (D-p-A) have been developed; this is an efficient strategy in tailoring the properties arising from pyrazoline ICT, e.g., (uorene-2-yl)-(9-ethylcarbazole-3-yl) ketene and 1-phenyl-3-(uorenone-2-yl)-5-(9-ethylcarbazole-3-yl)-2-pyrazoline.
77
Rigid p-fused benzene rings are ideal candidates to illustrate the effect of structural modications that have been made in the pyrazolinic carbon to bring out efficient emission properties including both color and photophysical parameters. Fused benzene rings with relatively exible frameworks, such as naphthalene and anthracene, have been chosen to reveal the impact of strong charge withdrawing systems at the C-3 and C-5 position, respectively, for the expansion of conjugation. 3-Naphthyl-1-phenyl-5-(4-carboxyphenyl)-2-pyrazoline (NPCP) was designed in such a way that the phenyl substituted pyrazoline ring (electron donor) acts as a channel between the naphthalene moiety (electron acceptor) and the electron withdrawing carboxylic group as side chains, and was found to have a number of advantageous photophysical properties, compared to over other members of this family. The displayed absorptions and emission wavelengths in different solvents suggest the manifestation of the p-p* transitions with considerable chargetransfer character, which arise from the pyrazoline ring and its ow to the naphthalene unit, thereby enhancing the delocalization of p-electrons throughout the system (Fig. 6 ).
78
While fusing the anthracene, in 5-(9-anthryl)-3-(4-nitrophenyl)-1-phenyl-2-pyrazoline (ANPP), it turned out that there was competition between the photo-induced intramolecular energy transfer from the anthryl to the pyrazoline moiety. There was also charge transfer from N 1 to C 3 in the pyrazoline moiety in the excited state, which was exemplied by the uorescence spectra at two different wavelengths of 420 and 365 nm; the existence of spiro-conjugated charge transfer between the fused moieties was also claimed in these systems. 79 
Solvatochromism
For many practical applications, pyrazoline derivatives are used as solutions and the inuence of solvents on their optical properties are of great signicance; therefore, the study of their behavior in various solvents is of profound interest, and has been outlined in many articles. The solvent polarity in addition to some specic interactions, may signicantly inuence the photophysical behavior of pyrazoline compounds and are thus reected in the spectral shis of the solutions. 80, 81 The solvent dependent radiative transitions and relaxation dynamics of the pyrazoline molecule from S 1 and S 2 states are most likely considered as the key elements in these phenomena. In the 3-pyrazolyl-2-pyrazoline derivative (PYZ), S 0 / S 1 and S 0 / S 2 electronic transitions were interpreted as a perfect pathway for the electronic spectra in the ground state, whereas the radiative emissions and relaxation processes from S 1 and S 2 states of PYZ establish the modications of the excited state in solvents like water, ethylene glycol and glycerol. Similarly, radiative transitions from the S1 state would act as a main type of transition in polar aprotic and protic solvents. Based on all the features proposed, there is no doubt that the solute solvent specic interactions are inuential for modulating the steady state emission spectra and relaxation dynamics of PYZ in different solvents.
82
One of the most important reasons why there is a large spectral shi in the emission spectra of pyrazoline compounds is their increased excited state dipole moments, which are fundamentally different from those in the ground state. An increase in the dipole moment of 2.83 D units was reported for 1,5-diphenyl-3-(N-ethylcarbazole-3-yl)-2-pyrazoline (DEP). This increase was calculated using the Lippert-Mataga equation and features the inuence of viscosity and temperature on the uorescence properties of DEP. 83 The solvatochromic models, which include the orientation polarizability (Df) and the Kamlet-Ta solvent parameters, are comprised of p* (dipolarity/ polarizability), a (hydrogen bond donating capacity) and b (hydrogen bond accepting ability), and provide a satisfactory description of the solvatochromic behavior of the pyrazolenicotinamide drug, nifenazone (NIF). The important factors contributing to the overall effect are the polarity of the medium, hydrogen bonding capability and potential delocalization of electron density within the pyrazole ring, and cause NIF to behave according to the different conditions. The performed Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) calculations at the CAM-B3LYP/6-31G+(d) level of theory, coupled with the integral equation formalism polarizable continuum model (IEF-PCM) support the experimental ndings. 84 
Electroluminescence
Current trends in electroluminescent devices emphasize the direct impact of small organic molecules in accelerating the fabrication of organic electroluminescent (EL) devices, having high luminous efficiency, a wide selection of emission colors via molecular design, low cost and easy processing. In order to realize the functionality of the EL devices, compounds based on pyrazolines should satisfy the specic physicochemical property requirements, and also demonstrate good ability for lm formation by the conventional vacuum vapor deposition/ vacuum thermo evaporation/wet process and sufficient thermal stability. [85] [86] [87] Inspired by efficient hole-transport ability, blue emission and high quantum yield, pyrazoline hybrids fused with structurally diverse moieties have been considered as potential candidates for electroluminescent emitters. In PLEDs (polymer light emitting diodes) with varying concentrations of pyrazolate-bridged binuclear platinum(II) complexes as dopants, a stable near infrared (NIR) emission with a peak at 692 nm and a shoulder at 753 nm has been achieved, leading to better device performance with the maximum external quantum efficiency (EQE) of 0.15% and a radiant intensity of 19.10 mW cm À2 . 88 It is of great signicance to nd numerous pyrazoline derivatives that are pronouncedly different in structure, being used as optoelectronic materials in organic lightemitting devices. [89] [90] [91] Additional advantages can sometimes be gained by constructing multichromophore light-emitting compounds, showing good prospects for application in LED applications.
In the case of a pyrazoline-triphenylamine motif, there is a tremendous possibility for the emission of different colored uorescence. The exhibited emission bands at 524-539 nm and the demonstrated high thermal stabilities with decomposition temperatures (T d ) from 400 to 480 C, revealed the increase in the degree of conjugation and the electron effect. The charge ow from the triphenylamine moiety from the HOMO to LUMO (pyrazoline, benzene and naphthalimide for different compounds) was emphasized by theoretical calculations.
92
Great strides have been made towards the synthesis of bis/tris chromophores containing the pyrazoline moiety, proving its suitability in OLEDs as a hole-transporting material with a red shi on increasing solvent polarity and the high value of quantum yields with suitable HOMO ranges (e.g. À5.78 to À5.55 eV). 93, 94 Due to the increased solubility in common solvents, some poly(phenylene ethynylene) (PPE-type) conjugated copolymers (C10-PPE-DPP and C10-PPE-TPP), containing diketopyrrolopyrrole (DPP) and triphenylpyrazoline (TPP) units synthesized by the Heck-Sonogashira coupling methodology were expected to be better light emitting diode materials (LEDs). These polymers were found to be capable of forming smooth and uniform lms, and the produced yellow/red emission with large Stokes shi is in agreement with their twisted molecular structures, determined via quantum chemical calculations. 95 
Chemo-sensing
Chemo-sensors blended with pyrazoline moieties bearing inherent binding atoms for target analytes have been utilized for multi-purpose sensing applications, and are a rapidly expanding eld. The sensing capability of pyrazoline derivatives in terms of uorescence is regulated by a number of mechanisms such as charge transfer (CT) transitions, photo-electron transfer (PET), chelation enhanced uorescence (CHEF), uo-rescence resonance energy transfer (FRET), and excimer formation. [96] [97] [98] [99] [100] [101] There are precise regulations concerning many chemicals used in the chemical industry and energy eld. Transition or heavy metal ions are crucial because they pose severe risks to human health and the environment, and in most cases they tend to accumulate in the food chain or natural water sources and are usually toxic. An admirable sensing ability was found for some pyrazoline-based probes for the detection of hydrazine in the solution and gaseous states in the range of 1.99 ppb, which is lower than the U.S. Environmental Protection Agency standard (10 ppb). Another probe, 2-[4-(3,5-diphenyl-4,5-dihydro-pyrazol-1-yl)-benzylidene]-malononitrile, effectively detects hydrazine at pH 5.0-9.0 with an emission wavelength of 520 nm and Stokes shi of 140 nm; it provides a wide range of applicability including multicolor labeling applications, as it can avoid most of the background inuence.
102,103
A pyrazoline derivative, 2-(4-chloro-2-(1-(6-chloropyridazin-3-yl)-5-phenyl-4,5-dihydro-1H-pyrazol-3-yl)phenoxy)acetic acid, was reported as an effective "turn on" uorescent sensor for zinc ions. This sensor formed a 1 : 1 complex with Zn 2+ and showed uorescence enhancement with good tolerance of other metal ions. 104 Another probe, 5-(2-(allyloxy)phenyl)-3-(2-hydroxy-5-methylphenyl)-4,5-dihydro-1H-pyrazole-1-carbothioamide, was found to possess the ability to penetrate the membrane easily, and the practicality of the proposed chemo sensor for the determination of intracellular zinc ions was carried out in living neuron cells (Fig. 7) .
105
Some pyrazoline-based uorescent sensors provide somewhat higher selectivity and sensitivity for Al 3+ and Cu 2+ in aqueous solution and DMF : H 2 O ¼ 1 : 1 (v/v), respectively, and also show good selectivity towards the respective ions, over other competitive metal ions; the uorescence intensity was increasingly quenched ("turn-off" sensor). is superior to all previously reported chemo sensors (Fig. 8) .
108
Based on the exploitation of Cu 2+ as an ON-OFF-ON signaling motif, a pyrazoline-based probe responded to Cu 2+ in aqueous medium in a "turn-off" uorescent manner and was successfully used for the real-time tracking of Cu 2+ in living cells. 109 In order to enrich the literature of pyrazoline as sensors, gold(I) complexes based on thiocarbamoyl-pyrazoline ligands and heteroleptic copper(I) complexes based on mixed phosphine/ thiocarbamoyl-pyrazoline ligands were synthesized and characterized and photophysical studies were reported.
110,111
In view of the high performance of 3-hydroxyavones as ratiometric uorescent probes, the research on 3-hydroxychromone with a bulky 1,3,5-triphenyl-2-pyrazoline moiety exhibited a fairly better response and showed good linear plots of the normal-to-photo tautomer emission intensity ratio with the solvent polarity.
112 A newly designed pyrazoline probe, 2-(3-(2-((tert-butyldiphenylsilyl)oxy)phenyl)-5-(4-methoxyphenyl)-4,5-dihydro-1H-pyrazol-1-yl)benzo[d]thiazole, was found to be excellent for practical applications such as uoride content examination in environmental water samples and in toothpaste, and has relevance due to the increasing importance of uoride ions in everyday life. 113 Tetraaryl pyrazoles containing a polymerizable vinyl functional group were developed and found to be quite attractive for the detection of 2,4,6-trinitrophenol (TNP) or picric acid in the aggregate state. An aggregation induced emission enhancement (AIEE) phenomenon contributes to the uorescence quenching on adding the aliquots of picric acid in water and shows the detection limit of $23 ng, which is comparable to other literature reported AIE/ AIEE based polymers. 114 It has been recently reported that a thiazol-substituted pyrazoline-based organic uorescent nanoparticle (OFNs) (N1) could sense picric acid sensitively and selectively via an acid-base interaction induced electron transfer process. It was found that the uorescence of N1 can be easily quenched by the addition of 2,4,6-trinitrophenol (TNP) in aqueous medium, and a detection limit to TNP of 0.002 ppm was obtained. The successful analytical application of QFP in the determination of Ni 2+ ions in effluent water from industrial waste provides the additional conclusion that pyrazoline chemosensors have a positive future in the environmental monitoring of real samples. 116 
Non-linear optical (NLO) properties
The pyrazoline derivatives have received signicant consideration for applications in device fabrication exploiting amplied spontaneous emission/lasing phenomena and two-photon absorption. An experimental investigation on the third-order NLO properties of a series of pyrazoline derivatives has demonstrated the ability to maximize the nonlinear responses by tailored modication of their molecular structure. On comparing the third order nonlinear optical parameters and the thicknesses of all investigated thin polymeric systems, the nonlinearity seemed to be promoted by changing the acceptor from -CN to -NO 2 , whereas there was no effect with the nitrile group; 117 a detailed study was conducted on a series of 3-(4-ndecyloxyphenyl)-1-(p-X-phenyl)-2-pyrazolines with different substituents on the 1-phenyl ring. Following the quantum chemical DFT based calculations, the molecules having highly polar end-groups (PY-oCNNO 2 and PirazFPHdiCN) were identied as possessing non-linear optical properties (NLO), and were exploited as dopants in the poly (methyl methacrylate) (PMMA) matrix, thus illustrating the light amplication properties and spectral narrowing of their luminescence spectra.
118
With respect to 3-(1,1-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H-pyrazole (DCNP) molecules dispersed in poly(methyl methacrylate) (PMMA) matrices, a signicant difference in the luminescence properties was observed for thin lms of PMMA containing dyes with changes in the acceptor-donor group, which was demonstrated by stimulated emission and random lasing processes. In such systems, the pumping threshold levels for the observation of random lasing emission was found to vary from about 1.5 mJ cm À2 to nearly 70 mJ cm À2 and for stimulated emission from 16 mJ cm À2 to 5 mJ cm À2 (Fig. 9) . 119 In a series of 3-(4-n-decyloxyphenyl)-1-(p-X-phenyl)-2-pyrazolines with different substituents on the 1-phenyl ring, which itself is in a parallel orientation, the terminal groups -OCH 3 , -H, -Cl and -COOH play decisive roles in the compounds being designated as promesogenic materials and having large Stokes shis and high quantum yields. 120 
Biological activities
The utilization of the pyrazoline fragment has increased, although it is synthetically more challenging, in view of the broad chemical diversity, stability and a wide-range of biological activities, leading to more potent activity, clinical value and less toxicity for pharmaceutical applications. As such, eighteen novel 1-N-substituted-3,5-diphenyl-2-pyrazoline derivatives, a series of twenty 1-(4-sulfamylphenyl)-3-triuoromethyl-5-indolyl pyrazolines, some 2-naphthyl pyrazolines and exclusive uorine substituted pyrazoline derivatives were designed, synthesized and screened for cyclooxygenase (COX-1, COX-2) inhibitory, anti-inammatory, analgesic and antimicrobial activities; some of them possessed acceptable activity. [121] [122] [123] [124] In particular, a series of 1,3,5-trisubstituted pyrazolines appears to have antimalarial properties, in addition to the potential for other applications; these compounds target the malaria parasite by inhibiting the haem detoxication process.
125
In the treatment of Alzheimer's and Parkinson's diseases, the inhibitory potency shown by a collection of 1-N-substituted thiocarbamoyl-3-phenyl-5-thienyl-2-pyrazolines towards monoamine oxidase B and cholinesterase is promising. 126 Most importantly, one of the sub-elds of pyrazoline use is the bioorthogonal synthesis for in vivo/vitro protein labeling.
127-130
Our coverage here is only on selective articles. Although studies on pyrazoline derivatives have been carried out for several years, researchers are still looking for novel pyrazoline compounds possessing biological activities. [131] [132] [133] [134] [135] [136] [137] [138] Indoxacarb is the rst commercialized pyrazoline-type sodium-channel blocker insecticide, testifying to the importance of optimizing pyrazoline-type chemistry with regards to insecticidal efficacy, safety towards non-target organisms and the environment.
139,140
There are some groups that have adopted the molecular hybridization method to explore pyrazoline-type insecticides in an attempt to enhance environmental degradation, reduce bioaccumulation, and improve efficacy. 
Bio-imaging/sensing
Research into the development of dyes based on common species with pyrazolines has been conducted and there has been modication in the uorescence of many common species with signicant enhancement, indicating the importance of pyrazoline hybrids in the bio-imaging of living cells. 143, 144 The quality of the bio-imaging of a pseudo-peptide, oligo(3,4,5-triethoxycarbonyl-2-pyrazoline), with fewer than 70 glycine residues mimicking the green uorescent protein (GFP) was found to be excellent and exhibits remarkable uorescence properties, compared to the monomer, 2-pyrazoline. 145 The advantages of the high conversion rates (f f ¼ 0.52), folded methylene chain (-CH 2 -CH 2 -CH 2 -CH 2 -) and the presence of the azo group on the rigid pyrazoline ring facilitate the excellent uorescence efficiency of the oligomer, 1,4-butanediol-bis(5-carbonyl-3-carbethoxy-2-pyrazoline). This contributes to twoway conversion luminescence (TWCL), and boosts the uores-cence intensity in cell imaging. 146 The cleavage of the 2,4-dinitrobenzenesulfoyl moiety (DNBS) from the N-(4-(1,5-diphenyl-4,5-dihydro-1H-pyrazol-3-yl)phenyl)-2,4-dinitrobenzene sulfonamide probe was responsible for blocking the photoinduced electron transfer (PET) pathway from the pyrazoline to the DNBS moiety. By virtue of the benets of switching on the blue emission of the pyrazoline with 488-fold uorescence enhancement, it showed higher sensitivity and selectivity to glutathione (GSH). Such amplication of the uorescent signal provides an effective means for imaging intracellular biothiols with strong blue uorescence, and demonstrates practical application by detecting GSH in calf serum.
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Besides the focus on the development of molecules for imaging, researchers have also made use of the pyrazoline derivatives to design new and efficient drugs to monitor some key molecules of the cell nucleus. One of the best examples, 1-phenyl-3-biphenyl-5-(N-ethylcarbazole-3-yl)-2-pyrazoline (PBEP) has the ability to insert into DNA pairs by the intercalative binding mode. This compound possesses a uorescence that is quenched dramatically and immediately by the addition of DNA, due to the formation of a stable complex. The advantage of PBEP over other compounds is that it can be appended onto calf thymus DNA (ct DNA) and salmon sperm DNA (ss DNA) with binding constants with the magnitude of 10 4 L mol À1 , and the binding site size is about 1 per base pair. 148 On the other hand, because of the inuence of various environmental factors associated with physiological processes, the detection by single emission phenomenon is hampered by the challenge of perturbed uorescence, which questions the precise analyses under biological conditions. To this end, Forster resonance energy transfer (FRET) based biosensors have opened up possibilities, in terms of the eradication of interference from background signals and the uctuation of detection conditions. A unique pH-driven Forster resonance energy transfer (FRET) based biosensor was obtained aer the assembly of an anticancer drug, doxorubicin (DOX), with a donor uorophore, pyrazoline (PYZ). This PYZ-DOX couple represents a straightforward route to cell imaging, and also controls and delivers anticancer drugs to cancer cells by simply monitoring the pH of the medium. 
Host-guest assembly
It is widely accepted that the reduced polarity and restricted space provided by the nano cages of supramolecules have the potential to become the molecular container for entrapped pyrazoline derivatives, thereby enhancing the blue light emission efficiency. To do so, the proper tting of the guest to the host cavity is required. Moreover, there are signicant advantages to the use of pyrazolines in biomedical applications as they offer better solubility, stability and bioavailability. The inclusion of (1 0 -(4-bromophenyl)-3a 0 ,4 0 ,5 0 ,6 0 ,6a 0 -hexahydrocyclopentapyrazoline)-3-methyl-1-phenyl-1H-pyrazole-4-carbonitrile (PZ) in b and g-CDs was veried both experimentally and theoretically. The small cavity size causes PZ to orient itself between the hydrophobic bucket-like cavities of two b-CDs to form the 1 : 2 complex, whereas the loose t leads to 1 : 1 complexation with g-CD. 150 Specically, the pyrazoline deriva-
-carbonitrile] (PZ) in trans form displays an emission band at 396 nm, and disrupts the embedding of a second b-CD in order to avoid steric congestion and consequently features 1 : 1 complexation. The uorescence spectra of the cis-isomer was centered at 475 nm; it also partially engaged two b-CD, leading to 1 : 2 complexation.
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An emission intensity increase along with a blue shi conrmed the penetration of a labeled drug, 3-naphthyl-1-phenyl-5-(5-uoro-2-nitrophenyl)-2-pyrazoline (NPFP)-phenylephrine, into the b-CD cavity (Fig. 10) . The type of complexation in lower and higher concentrations of CDs was also dened through the analysis of data obtained from the Benesi-Hildebrand double reciprocal linear plot and steady-state anisotropy. The extent of protection and depth of inclusion from the surrounding water generates the 1 : 1/1 : 2 complexes in different host concentrations. From a theoretical point of view, the stability of the (NPFP)-phenylephrine-CDs was excellent as interpreted from the calculated thermodynamic parameters obtained from molecular modelling studies. 152 In a parallel effort, the general concept of the nearness of pyrazolinic protons to H-3 and H-5 protons of b/g CDs has been visualized by 1 H NMR and 2D NMR spectroscopy, which outlined a detailed knowledge of the dynamics and host-guest interactions of the earlier mentioned dye NPCP, and CDs of varying cavity dimensions (a-, b-and g-CDs). 
Organic micro/nano particles
Nowadays, researchers have taken the opportunity to construct nanostructures with purposely designed molecules, and broaden their scope to new avenues that were not previously accessible. Since organic photonic materials were meant to provide multiple useful applications, this propelled the preparation of pyrazoline micro/nanoparticles, which have captured more and more interest. 154 The generality of the size-tunable emission concept of organic nanoparticles has been further illustrated by organic nanoparticles of 1,3-diphenyl-5-(2-anthryl)-2-pyrazoline (DAP) and 1,3-diphenyl-5-pyrenyl-2-pyrazoline (DPP). DAP has average diameters ranging from 40 to 160 nm, and was found to display size-dependent bathochromic absorption transition and the split band of the higher-energy band of anthracene. The blue shied emission of the pyrazoline chromophore with an increase in the particle size occurs due to the restraint of the vibronic relaxation and the conguration reorganization process of the electronically excited state. Attention has also been directed to the formed exciplex between pyrazoline and anthracene moieties; in particular, their intensities increase with the growth of the nanoparticles. 155 In DPP nanoparticles, the size-dependent effects also exist; as a result of the surface effects, they exhibit multiple emission properties ranging from near-UV to green, which can be tuned by alteration of both the excitation wavelength and nanoparticle size.
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In organic thin lms of stearic acid/pyrazoline nanoparticles, the Langmuir monolayer of stearic acid/pyrazoline nanoparticle was specically chosen to deposit onto the solid substrate, and its dispersion in the Langmuir-Blodgett (LB) lm was investigated by TEM, AFM and top view imaging. The extremely thin LB lms offer a linear increase in the optical absorbance at around 370 nm on increasing the multilayers for a given pressure-area isotherm at the air/water interface. 157 The rod-like cetyltrimethylammonium bromide (CTAB) micelles lie at the heart of many studies in nano and micrometer-scale materials and are widely used as templates in the synthesis of inorganic nano rods or nano wires, due to the simplicity and low cost. Concomitant with this effort, Hongbing Fu and co-workers showed that 1,3-diphenyl-2-pyrazoline (DP) nano bers could be produced in the presence of CTAB in the aqueous phase by the self-inducing template-growth approach. The rapid dissolution of DP particles into the hydrocarbon core of spherical CTAB micelles causes the transition to rod-like shape, which acts as a template for the growth of cylindrical DP nanobers. It is reported that the self-assembly process of DP bers as J-type aggregates involves the dominant crystal-packing forces.
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In the fabrication of highly monodisperse pyrazoline nanoparticles, stearic acid has been considered as a surfactant to assist as a charge controlling additive to control the electrophoric mobility of the particles in the encapsulation of pyrazoline nanoparticles to methyl methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA) (dispersion-polymerization) in a methanol-water mixture. The 400 nm electrophoretic particles were prepared with 1.5 wt% of stearic acid surfactant to deliver an electrophoric mobility of À7.513 Â 10 À5 cm 2 V À1 s À1 .
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The chemical oxidative polymerization of aniline using 1-(Nbutyl-1,8-naphthalimide-4 0 -yl)-3-(4-methoxyl-phenyl)-5-phenylpyrazoline nanobres (BMPP) as templates was found to be highly favorable to produce BMPP/polyaniline core-shell nanobers with net-like structures, possessing better electrochemical properties than BMPP nanobers. 160 It has been proposed that the pristine nano rods of 1,5-diphenyl-3- (naphthalene-4-yl)-1H-pyrazoline (DPNP) can accommodate 2,5-bis(2-(N-hexadecylpyridinium-4-yl)-vinyl)pyrrole iodide (dye) through an adsorption mechanism; a switching of x-potential from negative to positive, constituting the dye/DPNP core/ diffuse-shell nano rods also rendered uorescence resonance energy transfer (FRET) from the DPNP core to the dye shell (Fig. 11) . 161 Such systems open up venues for multifunctional nano-materials with potential applications in optoelectronics.
More applications
A mixture of co-aggregates of 1,3,5-triphenyl-2-pyrazoline (TPP) and 1,4-dicyanonaphthalene (DCN), while considering the quenching of TPP uorescence by DCN accompanied by a broad and structureless emission at about 560 nm, revealed the formation of an exciplex rather than an intermolecular chargetransfer complex (ICT) in the excited state. The obvious effect of changing the DCN content can be observed from the emission color of the mixed co-aggregates. The theoretical calculations are consistent with the experimental observations, which support the occurrence of photo-induced electron transfer (PET) through an electronic transition from the lowest unoccupied molecular orbital (LUMO) of the excited TPP to that of the ground-state of DCN (Fig. 12) . 162 The information gained in this work was later well supported through detailed theoretical studies by Yulan Dai and co-workers.
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Interesting work was carried out to demonstrate the possibility of using pyrazole derivatives as efficient acceptors for the organic solar cells, with the application of polythiophene as the donor, and luminophores from the azaheterocyclic groups as acceptors, and bulk hetero structures were fabricated. It was then more precisely evidenced experimentally and theoretically that the maximum attainable short current density I sc ¼ 39.14 mA, ll factor FF ¼ 37.42% and energy conversion efficiency QE ¼ 1.19% were obtained for solar cell structures having active layers with absorption coefficients k c ¼ 0.29.
164 Furthermore, a detailed experimental and theoretical study was conducted on photophysical and charge transfer properties of some pyrazoline derivatives, synthesized by a simple and cost-effective synthetic procedure. As a prominent advantage, these compounds were found to exhibit UV-visible absorption peaks below 400 nm, avoiding the problem of interference from the donor absorption that usually falls in the visible to NIR region. Moreover, these compounds were widely investigated as hole transport materials (HTMs), and it was found that the HOMO energy levels between À4.8 and À5.2 eV, and the charge carrier mobility of the dimethoxy substituted phenyl moiety in the order of 4 Â 10 À5 cm 2 V À1 s À1 underline its suitability as an efficient HTM.
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One of the biggest challenges in the development of organic electrical memory materials involves the lack of thermal stability and the inconvenience of device fabrication. An organic small molecule 4-(1,3-diphenyl-4,5-dihydro-1H-pyrazol-5-yl)-N,N-dimethylaniline (ATPP) bearing a pyrazoline moiety is shown to have high promise as an electrical memory material. In this stunning application, an electro-active lm of ATPP was fabricated by thermal evaporation and then prepared as a sandwich memory device, indium tin oxide/ATPP/Al (ITO/ ATPP/Al). The performance of the device was particularly demanding, due to the switch-off phenomenon at the compliance current of 0.1 A, also stable static random-access memory (SRAM) behavior and excellent stability in test conditions because of the introduction of (polystyrene) PS.
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A simple, rapid and efficient micro extraction method for the extraction and determination of some 2-pyrazoline derivative compounds in aqueous samples was developed. When considering the current trends in analytical procedures, the optimal conditions observed such as sampling temperature (70 C) , stirring rate (1250 rpm), pH (5.0), nature and volume of the organic solvent (8.0 mL, 1-undecanol), the extraction time (30 min) and the achieved detection limit (5-10 mg L À1 ) are big pluses in the further analytical applications of pyrazoline derivatives in a greener way. Additionally, the established method provides an effective avenue for the determination of compounds in real life samples including serum and urine. 167 Another key step towards novel applications of pyrazoline dyes involves the medium sensitivity and its suitability for bioanalytical applications, but development of this area is still in its early stages. Recently, we have been able to develop an analytical method using 3-naphthyl-1-phenyl-5-(4-carboxyphenyl)-2-pyrazoline (NPCP) as the pre-column derivatization agent for labelling the NH 2 group. The feasibility of rapid separations of model analytes allows relatively high selectivity and sensitivity towards amino groups under milder reaction conditions such as moderate derivatization temperature, less derivatization time and no multiple derivatives or byproducts. The detection responses of the NPCP-amides were attainable in the range of 35 mg L
À1
, highlighting its competency with the main stream uorescent labelling agents for tagging amino groups. 168 The researchers are of the hope that graphene, one of the "materials on demand", would revolutionize the electronics and transform our day-to-day lives. Among the various covalently modied graphene oxides, one involving an amide unit as a bridge between graphene oxide (GO) and a pyrazoline dye, 3-naphthyl-1-phenyl-5(4-aminophenyl)-2-pyrazoline (NPAP), displayed excellent photophysical properties due to the charge ow between the two fragments. This type of GO modication involving pyrazoline compounds will surely pave the way for a range of applications involving graphene based structures with tunable and enhanced optoelectronics.
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The repetitive yet diverse nature of research on the pyrazoline moiety and the corresponding compounds is apparent. To date, a fair number of articles have been published and specic articles describing particular applications are cited. This review makes no attempt to be exhaustive, but highlights some representative reports for citing the multifaceted applications of pyrazoline derivatives.
Conclusions and future view
It is amazing what a small molecule scaffold like pyrazoline, adapted in heterocyclic chemistry, has achieved. The abundance of research aimed at nding ways to utilize these compounds to replace some heterocyclic rings that are not as efficient is justied by many recent publications describing their unique properties, together with the simplicity of their synthesis and modication. Although these efforts have been very successful, there is still much to be done. Some efforts have been made to develop safe, non-toxic and environmentally friendly synthetic procedures, with the least possible consumption of materials and energy and less generation of waste, but the use of special reagents or solvents limit the viability. Therefore, green approaches should be oriented in such a way that reagents are made commercially available and are cost effective. Aer an overview of the photophysics of many reported pyrazoline compounds, it was noticed that there is a general trend of designing molecules with simple substitutions at the C-3 and N-1 positions of the pyrazoline ring with commonly reported systems. There are still lots of unreported bulky systems with versatile optical properties or electron withdrawing/donating ability, and there is lots of room for improvement in the extension of charge transfer (CT) systems. In our lab, some fruitful attempts have been developed to incorporate a diverse set of substitutions on the phenyl ring at C-3, and we are also planning to utilize different polycyclic aromatic hydrocarbons at the N-1 position, thereby making the system more rigid and uorescent.
In addition, theoretical calculations have proved to be an effective way to design target molecules and to explain the electron processes in this area, and we hope more and more theoretical chemists will participate in this promising direction. Regarding the pyrazoline based probes and the realization of practical applications in uorescence bio-imaging technology, it is essential to produce dyes having high quantum yield, enhanced photo stability and biocompatibility; however, we think more work is required for further improvement in this area. Signicant progress in the discovery of novel chemical classes of pyrazoline drugs against some target microorganisms has been made in medicinal chemistry. Along these lines, the launch of many pyrazoline compounds having immense clinical value is also expected, but researchers should also focus on clinical trials, which would offer important insight to address key biological problems. Challenges still remain regarding their poor aqueous solubility, which has hindered their potential use in drug development. In this regard, the enhancement of the photophysics of some pyrazoline derivatives, accomplished by host-guest interactions with macrocyclic hosts, highlights an effective strategy to increase the solubility, stability and bioavailability of medicaments. In contrast to organic solvents, the use of various supramolecular systems or micro heterogeneous media will continue to be an active area of research to ensure the biological safety during the use of pyrazoline compounds in bio-related elds. Taking into account simple chiral separations of bio-analytes using macrocyclic systems, the investigations of interactions of some dye molecules with cyclodextrins has attracted wide attention from bio-analytical chemists, which helps them to design separation protocols based on supramolecular chemistry.
Ongoing research shows that pyrazoline molecules are very promising for the fabrication of nano-electronic and bioelectronic devices in the near future. The past few years have witnessed an increase in research interest in graphene (along with graphene derivatives), and functionalization is the best way to achieve the best performance from graphene oxide (GO). In recent years, huge progress has been made in terms of modulating the photophysical properties of graphene oxide through surface functionalization using uorescent dyes. However, the perplexing question still remains as to why pyrazoline dyes were not widely used for the covalent modication of graphene oxide sheets in literature, even though they stand out among the ve membered heterocycles due to their simple structure, blue light emitting efficiency, large extinction coefficient, high quantum yields and excellent medium sensitivity. A challenging issue is also to explore these types of organic molecules to meet the needs of the industry and the society at large. For example, new designs of the pyrazoline core skeleton, which are well known for efficient photon absorption and charge collection may be benecial for the development of dyesensitized solar cells (DSSC). It was reported in many articles that one of the nitrogen atoms in the heterocyclic ring of pyrazolines forms an electron-donating p-conjugated system, so it is able to act as a hole-transporting material (HTM) when used in electro luminescent devices (ELD) and this feature is expected to bring a revolution in material chemistry. In light of the high sensitivity and selectivity for detecting metal ions, the sensory systems developed on the pyrazoline backbone have proved to be among the most useful chemical platforms for the design of chemical sensors and will have wider applicable scope in addressing the issues in terms of human health and the environment. In the past few years, huge progress was registered in terms of converting organic dye molecules to nanoparticles. These nanoparticles sit in the spotlight because they promise to be a fascinating class of materials and are well suited to many applications like bio-analysis, photo-catalysis, pharmacology, photonics, and microelectronics. Following the paths as with other organic dyes, many academic research groups are actively working on pyrazoline dyes seeking to improve the physico-chemical properties with the desired morphology and they have shown that the p-conjugated organic micro-or nanostructures hold promise.
The availability of a wide variety of uorescent probes and the development of sensitive analytical techniques have made uorescence labelling an essential facet of chemical biology and biomedical science. Despite many applications of pyrazoline derivatives in various elds, there are still just a few reported applications in bio-analytical research. The probes on the pyrazoline backbone will play the principal role in the future, as proved by recent applications of such types of molecules for tagging the -NH 2 group. Once again, signicant advances in analytical sensing are needed to realize the potential of pyrazoline derivatives. A quick overview of all the domains where pyrazoline derivatives nd their applications support the fact that these ve-membered nitrogen containing heterocyclic rings have been employed to design various compounds according to individual demands for specic applications. We are optimistic that pyrazoline based compounds will likely lead to offshoot technologies and niche applications.
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